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Motivation

Importance of pp — ttH

o A Higgs boson with a mass close to 125 GeV

e Precision study needed to determine if it is SM Higgs

e ttH direct way to access Yukawa coupling

Threshold resummation for ttH
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Motivation

Current status of pp — ttH

QCD Corrections up to NLO [Beenakker et al. , '02] [Dawson et al. , '02]
e Matched to parton showers by: aMCONLOQ [Frederix et al. , '11],
PowHel [Garzelli et al. , '11], Sherpa [Hoeche et al., '12], POWHEG-BOX

[Hartanto et al. , '14]
e Electroweak correction [Frixione et al. , '14,'15][Zhang, '14]
o Including tOp decays [Denner, Feger, '15]
e Absolute threshold at NLL jKulesza, Motyka, Stebel, VT, '15]
e Expansion of NNLL in SCET /Broggio et al., '15]
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Motivation

Why resummation for ttH?

e NNLO corrections out of reach

e Resummation can help reduce scale uncertainty
e Good process to start:

e Simple color structure
e Massive particles — no final state collinear divergences
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Motivation

Why resummation for ttH?

e NNLO corrections out of reach

e Resummation can help reduce scale uncertainty
e Good process to start:

e Simple color structure
e Massive particles — no final state collinear divergences

Pitfalls

e 2 — 3 phase space supressed near threshold (o o 34)
e Small corrections from near absolute threshold
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Threshold Resummation

Definition of Threshold

Q-approach M-approach (absolute threshold)
. | |
2
Threshold variable 7 = Q Threshold variable 75, = J‘f
Q?: the invariant mass final state particles M: the sum of final state masses
2 M2
1—Fy=1——
energy of the emitted gluons maximum energy of the emitted gluons
total available energy total available energy

\/3: the partonic center of mass energy
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Threshold Resummation
Logarithms

Q-approach
|
The IR divergences lead to logarithms:

—TQ 1—7’@

n (108‘""(1 fce))
Qg | ————=——
s 1-79 i

In general logarithms of 1 — 7¢

M-approach

After integration over 7¢: logarithms of 1 — 734:

[ag log™ (1 — %M)J

Logarithms become large in threshold limit: 7 — 1
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Threshold Resummation
Mellin Transform

Mellin transform is used with respect to T (needed for factorization of
phase space):

1
5pp—>tt'H(N) = /dTTN_lUpp—nt_H(Ta/JRa,U/F)
0

= Zﬁ/p(N‘i‘ 17MF)fj/p(N+ 1,MF)5ij—>tt’H(Na LR, F)

.3

. fi/p(N + 1, up): Mellin transform with respect to z

o éij_,tgH(N7 R, tbr): Mellin transform with respect to 7

log"(1 — 7) = log" N and threshold 7 — 1 ~ N — oo

First application for 2 — 3 in Mellin space
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Threshold Resummation
General factorization

In general cross section factorizes into:

Gijskl.. = Hijop. 17 @i @Y; @551 @I @ Jy ...

® Hij k1,17 Hard function
e 1), ; Initial state collinear emission

o Ji.,... Final state collinear
emission

e S ;1 Soft emission

Each of these functions is computed through renormalization group
equations
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Threshold Resummation

Differential formalism

General formalism developed for 2 — 2. [Kidonakis, Oderda, Sterman'98],
[Laenen, Oderda,Sterman’98]

Using a infra-red safe weight (w) to describe the soft limit of the
emission.
For 2 — 2:

e Pair invariant mass wpny = 2 = 1 — Q2 /3

e One particle inclusive wipr = s4 = ((p1 + p2 — p3)* —m3)/3
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Threshold Resummation
Resummation for differential distributions

[szlcl+w262—|—ws+wk+wl—|—... ]

/ dWeiNW dUz’j—>kl...
dll,,

- / awe NV, (1) / dewr dwsdwydwyduwy . ..
§(W = wic — wacs — wy — wp — wy — ...

Yisi (W1) Y575 (w2) Sur (ws) i (wk) Ji (wi) - ..

—H,, (nn) bisi (Ner) ¥ (Nes) Syr (N) J (N) Jy (N) ...

® w7 Initial state collinear weights
e w, Soft-wide angle weight

University at Buffalo
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Threshold Resummation
2 — 3 weights for differential notation

pp— QB+ X = Q?

8 — 8345
25 = ——F—
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Threshold Resummation
2 — 3 weights for differential notation

pp— QB+ X = Q?
8 — 8345
25 = ——
3
pp — B+ X[QQ) = Prs,ys

o — (p1—|—p2—p5)2—534 . -§+£15+£25—|—m§—834
5 — ~

S S
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Threshold Resummation
2 — 3 weights for differential notation

pp— QB+ X = Q?
8 — 8345
25 = ——
5
pp — B+ X[QQ)] = Prs,ys
o — (pr +p2 —ps)° — s34 _ 8+ t15 + tos +m2 — s34
5 3 3
pp — QQ + X[B] = Pr3sa,yss, Q34
o — (p1 +p2—P3—p4)2—m§ _ 8+ t13 + t1a + tog + tag + s34 — M2
5= 2 = ~
§ §
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Threshold Resummation
Orders of Resummation

Large logarithms log N = L for N — oo

Perturbation needs to be reordered in o and L:

[5 ~ o % C(as)exp [Lgi(asL) + ga(asL) + asgs(asL) + - - ]J

! ! )
With orders of precision:  LL NLL NNLL

a3 I U
aZlog" (V) aZlog"(N)  aZ*llog"(N)

Exponential functions are universal for initial state emission

[Kodaira, Trentadue, '82][Sterman, '87][Catani, d’Emilio, Trentadue, '88][Catani, Trentadue, '89]
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Application for 2 — 3

Color space

Need to project the matrix element onto a color basis.
Use the s-channel color basis:

99

qq
1: (5A1A25a3a4
1: 611 a 5(1 a
;1 3D4 SS: T£a4dDA1A2
8: T o Tanas
8a: iTD, fP44

Basis for diagonalization of soft anomalous dimension in absolute
threshold limit.
Same as for tt production
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Application for 2 — 3

Soft wide-angle

[Kidonakis et al., '97-'01]
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Application for 2 — 3

Soft anomalous dimension matrix

(1) - _as
Fqg—»QQX,ll = o 2C0F (L534 + 1)
O el L € ) R
47—+QQX 12 2 Ng 2NG  4T—QAX,21
(1) - % _ -
ToimQax2z = o [(No —2CF) (Lgg, +1) + NoAs + (8Cp — 3Ng) 3]
Q3 = (Tig+T2q — T14a — T23) /2
Az = (Ti3 + Taa + Tia + T23) /2
2 )
ms — t;g —1
T;j = log —4 Y + l
mj\/E 2

With tij = (pi —pj)Q and 63%4 =1- (m3 + m4)2/834
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Application for 2 — 3

Soft anomalous dimension matrix

(1) _ s . _ _
eimqaxar = —5.20F (Fayy +1) Agrees with q7 — QQ
) - 2s20r, _ 9F () ,
TygsQaxaz = 27 Ng 3 = 2NG lia—»Qax.21 for ps — 0 and ms — 0
&) e
Ta—Qax22 = 5. [V —20F) (Lgg, +1) + NoAs + (8CF — 3N¢) Q3]
Q3 = (Tig +T2q — T1a — T23) /2
Az = (T13+ Toq + T14 + T23) /2
2 )
T, = leg (2 lH) Tl
miv/s 2

with t;; = (p; —pj)2 and [5’%4 =1~ (m3z+m4)?/s34
i3 %

For 2 — 2: t13 = toy 534 =

tos = t1a B34 = % University at Buffalo

The State University of New York
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Application for 2 — 3

Soft wide-angle emission absolute threshold

Absolute threshold limit for soft anomalous dimension:

(1) O
ZRel o 0oB 1ty = ?dlag (0,—N¢)

(1) Qs .,
2R6F99—>QQB,IJ,thr. ?dlag (07 7NC? 7NC)

results in soft wide-angle contribution:
AII\ILL = exp [h2 (OésL7 —C[)]

With C; the quadratic Casimir invariant
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Hard matching coefficient

Hard Matching Coefficient

C(as):1+%c<1>+...

e Massive final state dipoles [Catani,Dittmaier,Seymour, Trécsanyi,'02]

e Virtual contribution from PowHeg-Box [Hartanto, Jiger, Reina, Wackeroth, '15]
confirmed by aMCGONLO [Hirschi,Frederix, Frixione, Garzelli, Maltoni, Pittau, '11]

e Include Coulomb correction 67;134
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Hard matching coefficient

Matching to Fixed Order

Resummed Cross Section

O_(NLO-',-NLL)(T) _ U(NLO)(T>

dN _n = ~
aF or %T Nfg/p(N+ l)fg/p(N+ 1)

X {é(NLL) (N) - é(NLL)(N) |(NLO):|

Matching to fixed order required to avoid double counting.
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Numerical Results

[Kulesza, Motyka, Stebel, VT, '15 and in preperation]

PDFs used: MMHT2014NLO
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Numerical Results

PDFs used: MMHT2014NLO

[Kulesza, Motyka, Stebel, VT, in preperation]
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Numerical Results
Results

[Kulesza, Motyka, Stebel, VT, '15 and in preperation]

PDFs used: MMHT2014NLO

VS [TeV] NLO [fb] NLO+NLL M with ¢ NLO+NLL Q with C
Value [fb] K-factor Value [fb] K-factor
13 50675-9%  537TEZ% 106 512701% 1,01 S
14 6137030 650710 106 619737 101 | @0
Using 7-point method: Q"‘Z}

(NF/#OJLR/MO) = {(05’ 05)7 (057 1)7 (1’ 05)7 (1’ 1)7 (17 2)’ (27 1)7 (2’ 2)}

Threshold resummation for ttH
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Numerical Results
Results

[Kulesza, Motyka, Stebel, VT, '15 and in preperation]

PDFs used: MMHT2014NLO

VS [TeV] NLO [fb] NLO+NLL M with ¢ NLO+NLL Q with C
Value [fb] K-factor Value [fb] K-factor
13 50675-9%  537TEZ% 106 512701% 1,01 S
14 6137030 650710 106 619737 101 | @0
Using 7-point method: Qﬁe}

(NF/#OJLR/MO) = {(05’ 05)7 (057 1)7 (1’ 05)7 (1’ 1)7 (17 2)’ (27 1)7 (2’ 2)}

Threshold resummation for ttH

Thank you for your attention
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Backup

[Kulesza, Motyka, Stebel, VT, 'in preperation]
PDFs used: MMHT2014NLO
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Backup

[Kulesza, Motyka, Stebel, VT, in preperation]

PDFs used: MSTW2008NNLO
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